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Motiwvation

o Introduction to ultrahigh—-energy cosmic rays

o Pierre Auger Observatory

o Pierre Auger Collaboration results

o

Spectrum
Anisotropy searches - See talk tomorrow by J. de Mello Neto
Nuclear mass composition
Hadronic interactions - See talk tomorrow by B. Andrada
Neutral particles

- Ultrahigh-energy photons and neutrinos

Multimessenger studies

o AugerPrime
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Motivation

o Cosmic rays are the most energetic particles in the Universe
- Can exceed energies of 102%eV (E~ 16J or ~ 108 K1)

- Same energy of a tennis ball served at 100 km h!

- We would need a particle accelerator with the size of the
orbit of Mercury

o Origin, nature and acceleration of the highest energy
cosmic rays is still unknown

. Less than one particle per km? per century for E> 5 x 10!7 ev
P P P Yy

We need ~ 1000km?2 detector areas!
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Cosmic Ray Spectrum
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Eva Santos

Cosmic rays are mostly fully ionized
atomic nuclei

@ Most are protons, but almost all stable
elements may be found

"Almost” featureless power law spectrum:

aN

aF X ET7
@ > 10 decades in energy
@ > 30 orders of magnitude in flux
@ 3 main spectral features
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Cosmic Ray Spectrum
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Pierre Auger Observatory

Energy
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Cosmic Ray Spectrum - Scaled
E. up to 107 times larger than at the LHC, flux ~ 1 part/km?/year at 10'° eV

Eva Santos

Scaled flux E2®J(E) (m?
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10'7

10'®

1015

10

10"

Equivalent c.m. energy Vs, (GeV)
10? 10° 10 10° 10°
9

E\\Hf % T \*HH‘ f L \*H‘ ¢ T \\HH‘ T \\HH‘
C  HERAG-p) Tevatron (p-p) |7 TeV 14 TeV| v HiRes-MIA
= RHIC (p-p) LHC (p-p) 4 HiRes!
E A HiRes |l
[ e Auger ICRC 2013

e g % " _knee »  TASD2013
= ;s
E
= akle
E Y ?m? cutoff
n Q
L+ AT = KASCADE (SIBYLL 2.1) »<] ¢, .
E ¢ PROTON *  KASCADE-Grande 2012 @’@
E ¢ RUNJOB % Tibet ASq (SIBYLL 2.1) ’

= IceTop ICRC 2013

1013 1014
Credits: R.

10 10 107
Engel

Galactic

10% 10 10®  10*
Energy  (eV/particle)

Extragalactic

HIGHLIGHTS OF THE PIERRE AUGER OBSERVATORY

4/40



Ultrahigh-Energy Cosmic Ray Source Candidates

Origin and acceleration processes are sfill unknown...

A. M. Hillas,

Eva Santos

esantos@fzu.cz

Hillas diagram

1 au Ipc 1kpe 1Mpc
101 \:P\\ — =10
Neutron stars/ ~ ===-- £ =0.01
B magnetars
101 .

. : E = 102V
= 100
=)
5 5 N
= 107 L HL GRB Prompt
- LL GRBs/TDEs N
02 |
L Wolf-Rayet stars
2 107!
&b
2

10

-7
10 Galaxy clusters
10—1[]
104 107 1010 1013 101()’ 1019 1022 1025
Comoving size - I [cm]

Credits: F. Oikonomou

Annual Review of Astronomy and Astrophysics, vol. 22 (1984)
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Ultrahigh-Energy Cosmic Ray Origin and Propagation
Highest energy cosmic rays must come from nearby (< 300 Mpc) sources

Protons emanating from a point source
3D trajectories projected on X-Y plane
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Arrival directions of cosmic rays <= Nuclear mass composition
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Extensive air showers

primary
particle

radio light

antenna

Credits:

Eva Santos

detector

F. G. Schroéder
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particle
detector

telescope
for fluores-
cence light
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Engel R, et al. 2011.
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Electromagnetic longitudinal shower profile
Our best estimator of the mass compaosition of cosmic rays

Energy deposit [PeV/g/lcm?] Energy deposit [PeV/gicm?]
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Auger Observatory

Pierre




Pierre Auger Collaboration
About 400 authors from nearly 100 institutes from 18 countries

Argentina
Australia
Belgium

Brazil

Colombia

Czech Republid
France

Germany

Italy

Mexico

Peru

Poland
Portugal
Romania
Slovenia

Spain

The Netherlands
United States of America

=
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-

b I I™ Il =Bl e =
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Fluorescence Detector (FD)
@ 27 Schmidt telescopes
@ ~ 15% duty cycle

Pierre Auger Observatory

Malargie, Province of Mendoza, Argentina

35.2°5,69.5° W, ~ 1400m as.l.

N o
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Pierre Auger Souther Observatory 4

Los Leone! o
Surface Detector (SD)
Argentina @ 3000 km2
= @ 1660 Water Cherenkov
. Detectors
o e S @ ~ 100% duty cycle
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A hybrid detector

Fluorescence Detector

Safety curtain
Spherical N

segmented mirror N
Camera with
440 photomultipliers

Aperture
with UV filter

A= A

Corr¥tor ring

Surface Detector station
Water Tank in the Pampa

Communication GPS
antenna antenna

Electronics enclosure
40 MHz FADC, local
triggers, 10 Watts.

Plastic tank
with 12 tons.
of water
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A hybrid detector (II)

Fluorescence Detector
& @ Longitudinal shower profile

@ Electromagnetic component

@ Quasi-calorimetric energy
estimation

Direct Xpni,x measurement

Hybrid events
" o Observed by both detectors

@ "Golden hybrid" events used
for SD array energy
calibration

Surface Detector array

o Lateral particle
distribution

Signal [VEM]

o Electrons, muons,
high-energy photons

o Higher shower detection
accuracy

o High statistics
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Highlights from the

Pierre Auger Collaboration




Spectrum measurements




Energy spectrum of cosmic rays at £ > 2.5 x 10'8 eV S

The "instep" - A new spectral feature was discovered! Editor’s
£ 5 ~ Data set: Suggestion
2 0l 1 . o 1 January 2004 - 31 August 2018
b E E 2
T 0 ] = o 215030 SD events
4 E_ﬂ

%t e Hw 2 o E>25EeV
O AR 13 o 0 < 60°
X 0 } L e g 2
S b 38 o 60400 km? sr yr exposure
= r IIE &
< £ . ® parameter value 6y, £ Oy,
> f
L Jo [km™2 sl yr~! eV~!] (1.315 4+ 0.004 4+ 0.400) x 10718
0 71 329 £0.02+0.10
< F 2 2.514+0.03 +0.05
g spectralindes £ 0, £ 0., 73 3.05+0.05 +0.10
7 107E 74 51+£0340.1
X F E1» [eV] (ankle) (5.0+0.1+0.8) x 10'8
§ [ Ey [eV] (13£1+2)x10'®

=5 Es, [eV] (suppression) (46 £3 +£6) x 10'®

EleV] D/ngo 17.0/12

Phys. Rev. Lett. 125 (2020) 121106
Phys. Rev. D 102 (2020) 062005
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Energy spectrum of cosmic rays from £ > 6 x 10'° eV

Combined Auger wide-energy spectrum

Eur.

Phys.

5 different data sets E [eV]
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Energy spectrum of cosmic rays from £ > 6 x 10'° eV
Combined Auger wide-energy spectrum

o Coverage ~ 5 decades in energy in one experiment

T o Low-energy ankle af 2.8 x 10' eV reported for the

5 different data sets E [eV]
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PoS (ICRC2021),

Eva Santos

324 (2021)
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Jo = (8.34 +0.04 + 3.40) x 107! km™2sr~yrlev™!

Eor = (2.8+0.3+0.4) x 10'° eV
Epp=(1.58+0.05+0.2) x 107 eV
E»=(50+0.1+0.8) x 10'8 eV
E3=(1.4+0.1+02)x10"ev
Ey45=(47+03+0.6) x 109 eV
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o Discovery of the "instep" feature at 1.4 x 10 eV

o It's existence was later confirmed by the
Telescope Array experiment

0 =3.09+0.01 +£0.10
y1 =2.85+0.01 +£0.05
v2 =3.283 £0.002 £ 0.10
y3 =2.54+£0.03 +£0.05
v4 =3.03+0.05+0.10
y5=53+0.3+0.1
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Anisotropy searches




Observation of large scale anisotropy for E > 8 EeV

1.1 T T T T T

world

1.08 - 7 Data set: BREAKTHROUGH
@ 1-83 o 113888 SD events
§ 1.02 o E>4EeV
L 7 S o 1 January 2004 - 31 August 2016
£ 8'22 o 76800 km? sr yr exposure
s o

©

0 < 80°

0-94 data E>8 EeV —+— |
o -90° < § < 45° (85% sky)

0.92 } first harmonic

09 1 1 1 1

360 300 240 180 120 60 0
Right Ascension [deg]

Nearly uniform exposure in Right Ascension => High sensitivity to flux modulation

Energy Number Amplitude Phase Probability

(EeV) of events r, 9. (°) P(zr,)
4 to8 81701 0.005 *8838 80 + 60 0.60
=8 32,187 (0.047 +0008° 100 £10 2.6 x 10*8)

5.6 0 away from isotropy!

Science 357 (2017) 1266-1270
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Observation of large scale anisotropy for E > 8 EeV (II)

1 H ' ' ' world
Highest energy cosmic rays have extragalactic origin! T
BREAKTHROUGH
0.46
=
3.
042
-
0.38

-90
o Dipole became more significant with increasing exposure

o Maximum modulation at Galactic Coordinates (/, b) = (233°,—13°)
- ~ 85° away from the 2MRS dipole

Science 357 (2017) 1266-1270
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Observation of large scale anisotropy for E > 8 EeV (II)

H H . ' . world
Highest energy cosmic rays have extragalactic origin! T
BREAKTHROUGH
0.46
=
3.
042
-
0.38

o0
o Dipole became more significant with increasing ¢
» Maximum modulation at Galactic Coordinates (. S€€ ¥

= lo
« ~ 55° away from the 2MRS dipole W

tornorrow bY:
alk Neto

Science 357 (2017) 1266-1270
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Anisotropy searches at £ > 32 EeV from Auger Phase 1

Searches for localized excesses of Ultrahigh-Energy Cosmic Rays

o(Ea =41 EeV) -V =24° .
uger“ Gal actlc Data set:

o 2635 SD events

o E>32EeV

o 1 January 2004 - 31 December 2020
o 122000 km? sr yr integrated exposure

o 0 < 80°
o -90° < § < 45° (85% sky)

. latitude
o

longitude Most significant excess from isotropy:

o (a,8) = (196°.3,-46°.6) / (I, b) = (305°.4,16°.2)

-2 0 2
Li & Ma significance [o]

o 153 / 97.7 observed / expected events
Blind search: o 5.40 local Li-Ma significance
No correlation with any 3% p-value - post-trial
source candidates ° 9P P P

The Astrophysical Journal 935 (2022) 170
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Anisotropy searches at £ > 32 EeV from Auger Phase 1

Searches for localized excesses of Ultrahigh-Energy Cosmic Rays

o(Ea =41 EeV) -V =24° .
u;_:;?r Galactic Data set:

o 2635 SD events

o E>32EeV

o 1 January 2004 - 31 December 2020
o 122000 km? sr yr integrated exposure

o 0 < 80°
o 90° < § < 45° (85% sky)

. latitude
o

750 Iongi;ude i Most significant excess from isotropy:
o (a,6) = (196°.3,—-46°.6) / (I, b) = (305° 4 142 2)
o 153 /97.7 obser = "

=2 0 2 4
Li & Ma significance [o]

. w oY
Blind search: » 540 local L-Ma See talk fomormo
No correlation with any 39, | ) =~ de Mello Neto
source candidates ° J% p-value - pos JoAo

The Astrophysical Journal 935 (2022) 170
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Anisotropy searches at £ > 32 EeV from Auger Phase 1

Correlation of anisotropies with source candidate catalogs

Starburst galaxies (radio) - expected ®(E, > 38 EeV) [km? sryr] Nevems(2 Ey)
2000 1 0_’(10

3

x0°

L]
—a— Starburst galaxies (radio)
= 0= = Jetted AGN (y-rays)
=«we== All AGN (hard X-rays)
— — Galaxies > 1 Mpc (IR)

8 8

-
L%

Test statistic, TS

Attenuation model:
EPOS-LHC 1st minimum

Council

0 of .
"o’ GT“ o™ ’ 8% 4'?hres‘rl’l(zald e?lsergy,sgm [EsgV] nonos
o \5@“ k@w ' Hotspot in Cen A region dominates anisotropy signal:
T eed e o Starburst galaxies:
S o o 4.20 departure from isotropy at £ > 38 EeV
i@ R o AGNS:
et BRI o 3.3c departure from isotropy at £ > 39 EeV

The Astrophysical Journal 935 (2022) 170
Astrophys. J. Lett. 853 (2018) L29
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Anisotropy searches at £ > 32 EeV from Auger Phase 1

Correlation of anisotropies with source candidate catalogs
Starburst galaxies (radio) - expected @(E - 38 EeV) [km? sriyr] Nevems(2 Ey)
2000 101@ @ 200 10_’0_

—a— Starburst galaxies (radio)
= 0= = Jetted AGN (y-rays)
=«we== All AGN (hard X-rays)
— — Galaxies > 1 Mpc (IR)

- - N
o L% g L%
b

Ll

Test statistic, TS

[3)]

Attenuation model:
EPOS-LHC 1st minimum

3
S
8 III‘IIII‘I\II‘I\II

45 50 55 60 65
Threshold energy, E, [EeV]
°m%&§;/ &?w' Hotspot in Cen A region dominates anisotropy signal:

P e %:\ b L, o Starburst galaxies:
T8 / o/ o 4.20 departure from isotropy at [ .

et BRI o 3.30 departure from isotropy at E :)o(”]odGMW’

The Astrophysical Journal 935 (2022) 170
Astrophys. J. Lett. 853 (2018) L29
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Nuclear mass composition




Measurement of the depth of the shower maximum X,,x

140
= ¢
o 47863 high-quality events “giﬁ‘; i
o 1020 events with E > 10 EeVv % 23 \
o Highest energy: E=104+95 Eev 3 .
]

Real Auger Hybrid event: w0 ?mtﬁﬁ'gthi’&"cm%m 0

o Event ID 102266222400

co ———

o 4 fluorescence sit LA I
LM o
LL o
SD — @
7 80 % 100  1i0
E[EeV]
co ——
SRR AR A LA — e
LM L g
. LL L3
. L | L |

L L | L | L
2 720 740 760 ZSO 800
Phys. Rev. D 90 (2014) 122006 Xima [9/cM?]
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Energy evolution of the mean and standard deviation of X.x

T T T T T 80, T T T T T
Auger, ICRC (2019) .

800 60 0
50
40

30

X ex 19 €M7
0(Xmax) [9 €M

— EPOS-LHC 20
------ Sibyll 2.3
L e QGSJkt-11.04
600, . . . . ] . . . . .
170 175 180 185 190 195 200 170 175 180 185 190 195 200
I9(E/[eV]) Ig(E/[eV])

o Trend from heavier to lighter mass composition up to |
and towards heavier composition afterwards

10 B

082 ev (2 Eev)...

o Hardening of the all-particle cosmic ray spectrum ("ankle") at 5 EeV

PoS (ICRC2019), 482, (2019)
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Energy evolution of fractions of primary nuclei

A Pierre Auger EPOS-LHC  proton
1 Z £0y
A
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18 20
Ig(E/ev) Figure: A. Yushkov
PoS (ICRC2017), 506, (2017)
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Energy evolution of fractions of primary nuclei

. OSbyII2.3DAEPOS-LHC O QGSlkt-11.04 imeAugev proton
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Energy evolution of fractions of primary nuclei

. O Shyll23 | A EPOSLHC O QGSkL-lI04 FieneAuger  Praion
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Ig(E/eV) Figure: A. Yushkov
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PoS (ICRC2017), 506, (2017)
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Extension of Xy, measurements up to 1090 eV using SD data
100% duty cycle - 30 x more statistics than the FD!

Data set:
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Extension of X,y measurements using radio data

Figure: A. Yushkov |g(E [eV])
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Indication of mass-dependent anisotropy above 10'7 eV

H b d .I. F—Daa ¥ /ndf = 427 /147
yoria events of LinearFit  (154m- 13000
F mes% Cl :
2of. I95% CI ‘
g F #Preliminary Data
£ 15
T F L,/
8 10
3 = F N !
2 %} A s §
£ E § E
3 B i
6 8 10 12 14 16 18
g 3 Y ears since 2000
3 ASASAasensse \
= 840F — Epos-LHC o
O 8201 B
800 B
’E 780 + E
)
= 760 - e
£ 7401 B
Galactic Longltude < <
Z ok o E
-4 -2 0 2 4 680 i allsky E’ on-plane
Heavier &« TS = Lighter T4 166 188 19 192 194 196

1g[E/eV]
Indication of a heavier composition on the Galactic Plane with 3.3¢ significance
(including systematic uncertainties)
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AMIGA

Auger Muons and Infill for the Ground Array
Buried scintillator detectors near the SD stations
o 750 and 433 m spacing antenna

AMIGA solar panel — SD electronic,

communication system and
SD battery box - =ib trigg
t

er synchronization
AMIGA battery box and —. £
distribution system

~—— AMIGA access tube

Underground _H
cablq1g pipe

2.3m

AMIGA underground
module

= Auger SDs
e
2.3 m depth provide ~ 550 g cm™* extra shielding
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Direct measurement of the muon content
Auger Muons and Infill for the Ground Array - Engineering Array

Within LHC /S energy!! Data set:
fid‘_ S w6 o o 1742 AMIGA EA events
— o 2x 107 -2x 108 eV
§j o October 2015 - October 2016
§ o 0 < 45° -
= s
5
=
- Q data
ser+ QGSIetT1-04
--- EPOS-LHC =
0.6-— — — © i
210 S0 210 AMIGA
EfeV Engineering Array

o Muon deficit in simulations of 8% (14%) for EPOS-LHC (QGSJetll-04)
assuming pure iron composition

Eur. Phys. J. C 80 (2020) 751
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Direct measurement of the muon content
Auger Muons and Infill for the Ground Array - Engineering Array

Within LHC /S energy!! Data set:
;3%_ So4 sy . o 1742 AMIGA EA events
— e 2x 107 -2x 108 eV
{; o October 2015 - October 2016
;: o O < 45° HO HO
E 1.0 AT ) S EH @
\J O data o
s QGSJetll-04
--- EPOS-LHC =
0.6 . ; © i
2.10"7 1018 2-10"% i
o ! aee talk tomorrow o%

o Muon deficit in simulations of 8% (14%) for EPOS-L W
assuming pure iron composition

Eur. Phys. J. C 80 (2020) 751
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Horizontal Air Showers
Indirect muon measurements using the SD array
0=0° 0 = 60° 0 = 80°
X ~900g/cm*> X ~ 1800g/cm* X ~ 5180g/cm*

6.

XELUX
1
1
1
1
=
e
E]
@

o Interaction lengths rapidly increase for horizontal air showers
o electromagnetic component heavily suppressed by the amount of
atmospheric density traversed
27/40
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Muon measurements from Horizontal Air Showers
Indirect muon measurements using the SD array

24 Proton-proton equivalent c.m. energy /s / TeV

0 030, 2020100 200 w40 Data set:
' T - — EPOS-LHC ¢ data i
20 L mosme 4 s | 174/(281) Golden hybrid
= 18 M SIBYLL-2.3d events
Z 16 g_ _ e L’L l » o E>4x 108 eV
g1 - TR %“o.laF___T_}__L'_"':’_':“'_’:'_':___:'_ ______ o 1 January 2004 -
Z 1 ok % % """"" 1 January 2013
® Augerdat T + (31 December 2017)
10 -- Epos LHC 0.05~ Fe
QGSJET I1-04 - o 62° < 0 < 80°
- Aww‘ * 1020 0.00 —————— ‘lo‘m ' . O
E/eV E/e&V
Phys. Rev. D 91 (2015) 032003; Phys. Rev. Lett. 126 (2021) 152002

Errata: Phys. Rev. D 91 (2015) 059901

Two possible explanations:

« Increase in the muon conftent may be due to small modifications in hadronic interactions
accumulating over many generations
.. Very particular modification of the first interaction changing (R,,) without affecting o/ (R,,)

Phys. Lett. B 784, (2018), 68
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Muon measurements from Horizontal Air Showers
Indirect muon measurements using the SD array
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Rev. D 91 (2015) 059901

Two possible explanations:

. Increase in the muon content may be due to small modificc gge talk to
accumulating over many generations

.. Very particular modification of the first interaction changing

(2018),
esantos@fzu.cz

Phys.
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Simultaneous scaling of the muon content and X,y

8 €(0°,339) 9 €(33° 39°) H €(39°,.45%) Y €(45°, 51°) 8 € (51° 60°)

Best fit of Auger hybnd data - 442 events 441 events 509 events 456 events 449 events §
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PoS (ICRC2021), 310, (2021)
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Simultaneous scaling of the muon content and X,y
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o Auger data best described if models predict deeper X,.x values
o Leading to a smaller muon deficit in simulations (and heavier mass composition)

PoS (ICRC2021), 310, (2021)
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Simultaneous scaling of the muon content and X,y

8 €(0°,339) 9 €(33° 39°) H €(39°,.45%) Y €(45°, 51°) 8 € (51° 60°)
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o Auger data best described if models predict deeper X, W
o Leading to a smaller muon deficit in simulations (an 1)

PoS (ICRC2021), 310, (2021)
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PhOtOH Searches We use several analyses and search methods

Multi-Variate Analysis with Boost Decision Tree
of three discriminating observables: Xnax, Sb, and Niations

— —
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The Astrophysical Journal 933 (2022) 125

F= £
o a
38 ) Fisher-Discriminant Analysis of
g £ estimated muon content F, and Xpa
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I
Muon content Muon content |
Universe 8 (2022) 579 PoS (ICRC2021), 373, (2021)

Eva Santos esantos@fzu.cz HIGHLIGHTS OF THE PIERRE AUGER OBSERVATORY 30/40



Searches for a diffuse flux of UHE photons
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Data set:
o 2204 HeCO hybrid events

Data set:
o > 32000 hybrid events

s E>2x107 eV o E>101BeV
o 1June2010-31 December 2015 e o 1 January 2005 - 31 December 2017
o § < 60°
The Astrophysical Journal 933 (2022) 125 PoS (ICRC2021), 373, (2021)

Eva Santos  esantos@fzu.cz HIGHLIGHTS OF THE PIERRE AUGER OBSERVATORY 31/40



Searches for a diffuse lux of UHE photons

0 candidates 22 candidates
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The Astrophysical Journal 933 (2022) 125 PoS (ICRC2021), 373, (2021)
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Searches for a diffuse flux of UHE photons - Results

No photons were found for E > 2 x 10" eV

Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.

Auger SD 1500 m (2022), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 80 % C.L.

Telescope Array (2019), U.L.at 95% C.L.
Telescope Array (2021), U.L.at 95% C.L.

GZK proton | (Kampert et al. 2011)

GZK proton Il (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)

CR interactions in Milky Way (Berat et al. 2022)

+ SHDM la (Kalashev & Kuznetsov 2016)

+ SHDM Ib (Kalashev & Kuznetsov 2016)

SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)

0

o
"

=
L

S
b

Integral photon flux for E > E_[km?sr'yr]

=
1

1075

10
E; [eV]

Universe 8 (2022) 579
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Neutrino searches

1) Regular proton shower

4) Down-going v,
interacting in the

Muonic component of the shower

=

2) Deep Down-going v shower Electromagnetic

component of the shower

mountains b
b, 3) Up-going Earth-skiming v, shower
Charged current Neutral current
Ve Vy V¢
\ High energy \. \l§
) electron » R High energy
) S~o u tau XI v
Hadronic Hadronic AN Hadronic Hadronic WX
jet %ﬁ jet Eﬁ g jet E& %( jet ES( A
Phys. Rev. D 91, 092008 (2015)
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Auger exposure to neutrino showers
SD array is sensitive to neutrinos of any flavor with E > 0.1 EeV and 6 > 60°

Auger ve + v, + V. — Ve DG
== == == . Earth-Skimming (ES) = ~ mmsmmsm v, DG
108 —— Ve + vy + v: downward-going (DG) v ES + DG r

=

o
=1
=]
|

Exposure (cm? s sr)

106+

B ¢’ | Integrated SD exposure:
) ) / # 1 January 2004 - 31 August 201§

10'® 10Y7 10 10%° 1020
e

JCAP 10 (2019) 022
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Searches for a diffuse lux of UHE neutrinos
No neuftrinos observed at 90% C.L.

JCAP 10 (2019) 022

Eva Santos

esantos@fzu.cz

E2 dN/dE (GeV cm™2 s~ sr-1)

———= AGN (Murase 2014)

—-— Pulsars SFR evolution (Fang 2014) Single flavor

== Cosmogenic: p SFR (Aloisio 2015) Veivuive=1:1:1
Cosmogenic: p, Fermi-LAT, Epi, = 3 x 10%7 eV (Ahlers 2010) '/7

[ Cosmogenic: p, FRII & SFR source evol. (Kampert 2012) pd

. Cosmogenic: p or mixed, SFR & GRB (Kotera 2010) s

. Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012) s
-7 90% CL limit Auger
10 Ry (Earth-skimming) 90% CL limit
90% CL limit ANITA I+11+111 (2018)
Auger (2019)
90% CL limit
IceCube (2018)
1078 T e T i e
90% CL limit
uger (2019)
10-°
10—10
10%7 108 10%°
E, (eV)
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Multimessengers




Auger follow-up of Gravitational Wave events

We search for UHE neutrinos and photons fromn GW events
GW170817/GRB 170817A - Neutron Star merger, D, ~ 40 Mpc

2
€ube bk 3 S
N ot e 7 phdms it
—— GW (90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
= === IceCube horizon
— = ANTARES horizon
] Auger FoV (Earth-skimming)
] Auger FoV (down-going)

—75° S
Phys. Rev. D 94 (2016) 122007 Our best event so far
Astrophys. J. Lett. 848 (2017) Ll12

Astrophys. J. Lett. 850 (2017) L35

PoS (ICRC2021), 968, (2021)

PoS (ICRC2021), 973, (2021)
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Auger neutrino follow-up of GW170817/GRB170817A

GW1708

17 Neutrino limits (fluence per flavor: v, +7,)

+500 sec time-window |3

10} 7 °
@ Auger
E 10"} IceCube E
% ,,,,,,
g 10 °
N Kimura et al.
E 1071 4 R EE moderate
1072 EKimura et al. _———— Kimuraetal] ¢
o EE Up‘\imisli‘c 4"‘ < : ‘ 0 prompt
103[

o
>

ANTARES

T
g 10!
E 100L IceCube Fang & 1 o
= Metzger
- 30 days
o 107! y ]
N Fang &
10-2L Metzger ] o
-3 n n n . . . . .
10 102 10° 10* 10° 10° 107 10% 10° 10 10"
E/GeV
Astrophys. J. Lett. 848 (2017) L12
Astrophys. J. Lett. 850 (2017) L35

Eva Santos
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GW170817/GRB 170817A location in the region of
most sensitivity to UHE v, in Auger

Observations spanned over the 4 500 s time window
and the 14 day period after it

Good stability of the SD array during the + 500 s

period

o ~ 95.8 + 0.1% of the 1660 stations were active

No inclined showers in the + 500 s time

window

No neutrino candidates
following 14 days

OF THE PIERRE AUGER OBSERVATORY

identified in the
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Correlation of IceCube v with Auger and TA UHECRs

Relative excess of UHECR-v pairs

Il 30 expected range
I 20 expected range
1o expected range

e Neutrino tracks

14°

Isotropic neutrino background

Il 30 expected range
I 20 expected range
1o expected range

e Neutrino cascades

16°

Isotropic neutrino background

10 15 20
Angular distance / deg

25 301

10 15 20 25 30
Angular distance / deg

No significant correlation between the arrival direction of neutrino point sources
with of ultra-high-energy cosmic rays

The Astrophysical Journal 934 (2022) 164

Eva Santos esantos@fzu.cz
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AugerPrime
Upgrodes

SSD - Scintillator Surface Detector

Enhance the separation of electron / muon components (for < 50°)
o RD - Radio Detector

Enhance the separation of electron / muon components (for 6 > 50°)
o UMD - Underground Muon Detector

Direct muon counting at 0.1 EeV < E < 10 EeV
o SDEU - Surface Detector Electronics Upgrade

Increased sampling rate, fiming accuracy and higher dynamic range

Enhanced FD duty cycle
16% to 25% extension in the FD operating time to increase statistics at the highest energies

Objectives:
o Composition sensitivity in the flux suppression region
Sensitivity to 10% proton fraction at E > 10 EeV (important for GZK photon and neutrino fluxes)
o Composition enhanced anisotropy studies
o Search for new phenomena in hadronic interactions

The Pierre Auger Observatory Upgrade - Preliminary Design Report, [arXiv: 1604.03637]
Science Reviews - from the end of the world (Argentina) 1 (2020) 4:8-33
Eva Santos esantos@fzu.cz HIGHLIGHTS OF THE PIERRE AUGER OBSERVATORY 39/40



AugerPrime

Enhanced sensitivity to event-by-event nuclear mass composition

o Improved EM / u separation using the SSD and RD

e dual-polarized i .
__ radio antenna (RD) L Multi-hybrid events
AN 10% 5 10° 5 £ 10°
| k| 3 ¢  Water Cherenkov Detector F
E tg 1044 ' ¥ Scintillator Surface Detector 10t
. E 1084 o 3 ¥ Underground Muon Detector | F
% E E 1034 4 Radio Detector L 103
I E o E >Q 3 3
B £1024 2 1024 L 102
T 3 E @ 3 E
el e = g
B [SERTUE E 10!
E g 3 g ; May 14, 2019 i
= o0 0 | a ¥ L 100
B3] F 9q|E/fev=735+16 £10
116/° =4520+0.12 5
100 10! T ———T—T—TTT 101
water-Cherenkov detector (WCD) 102 1° 10t
Shower Plane Distance [meter]
Credits: F. Schliiter Credits: D. Schmidt
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Signal Density [MIP/mZ]

10°

10*

10°

10%

10!

Muon Density [1/m?]

10°
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AugerPrime

\ O\ .
\\ € dual-polarized
) \ radio antenna (RD)

Mllator Surface Detector ;104 & 10*
Undergmund Muon Detector | £ E NE
Radio Detector Lip & 10 =
E z =
B 2
E102 = 102 2
g 2 2

U
Lot R 10 g
Eitid g
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=1
May 14, 2019 L0 .20 100 =

E/EeV =735+ 16 n
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10% 10%
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Shower Plane Distance [meter]
Credits: F. Schliteg

Credits: D. Schmidt
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Observation of large scale anisotropy for E > 8 EeV (III)
Highest energy cosmic rays have extragalactic origin! o
Equatorial ggoordino’res

BREAKTHROUGH

0.46
,,,,,,,,,,, -
3 k 3.
360 « RS S L | l0a2 o
. : -
Galactic Plane
0.38

Galactic Center 0
o Dipole became more significant with increasing exposure
o Moximum modulation at (aq,dq) = (100°, —24°)

o ~ 125° away from the Galactic Center

Science 357 (2017) 1266-1270
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First and second X, moments

EPOS-LHC
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» Negative values for o%(In A) are not physical

- Models predict larger o(In A) than the measured ones
o EPOS-LHC is the model which best describes data

Phys. Rev. D 90 (2014) 122006

PoS (ICRC2017),

Eva Santos

506, (2017)
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Searches for a point-like sources of UHE neutrinos

No neuftrinos observed at 90% C.L.

Auger 2018 === Auger DGH 75°<§<90° ===== |ceCube 2017
== == = Auger Earth-Skimming == === Auger DGL 60°<@<75° == === ANTARES 2017
1075 1 1 1 1 1 1 1 1 1 Il 1
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|
)
b
o i -
o
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Auger sensitivity to neutrinos is comparable to other neutrino experiments:

o Maximum sensitivity at EeV where most cosmogenic models also peak

o Limits are ~ 4 times below the Waxman-Bahcall bound on v production in opftically thin sources

JCAP 10 (2019) 022
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Neutrino sensitivity to GW 170871 and GRB190114C
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JCAP 10 (2019) 022
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Limits to cosmogenic neutrino fluxes
No neuftrinos observed at 90% C.L.

5.0 Il L ‘
90% CL 3
CRPropa

Pierre Auger, Jan 04 - Aug 18
Proton spectrum at injection:
E~25, Epax =6 % 1020 eV

\. 90% CL
\ analytical

2.0 2.5 3.0 4.0

3ri?

Auger sensitivity to neutrinos is comparable to other neutrino experiments:

o Some models of v production in AGNs excluded at > 90%C.L.

100

8 3 8

Confidence level [%]

N
o

o Large range of exotic models of v production excluded with > 99%C.L.

o Several cosmogenic v models assuming pure proton composition are disfavored

JCAP 10 (2019) 022

Eva Santos esantos@fzu.cz HIGHLIGHTS OF THE PIERRE AUGER OBSERVATORY

45/40



Searches for upward-going showers using the FD

« 10°

burn data sample

background simulation

signal simulation

| Sketch of a upward—goin#

shower

Data set:

o 14 years FD operation
o Monocular mode - no SD

information
o Ecqy=1045-108%5 gV
Background:

o Laser shots
- Used for FD calibration

o Misreconstructed
downward-going events

S I
100

P | e b
0.1 0.2 0.3

| =0- Downward-going like
| =1- Upward-going like

PoS (ICRC2021),

Eva Santos

1140, (2021)
esantos@fzu.cz

04

I IR SR
05 0.6 0.7 0.8 0.9

1
[

1 candidate survived all the cuts
Npkg = 0.454+0.18

F72% (B > 1077%¢V) = 3.6 x 107 cm~2 sr~ 1 57!
F7%% (Eea > 10"7%¢V) =85 x 107 cm~2 511 57!
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Secondary by-product fluxes from SHDM decay

Upper limits to Planckian-interacting massive Dark Matter
A clustering of UHE photons clustering in the direction of the Galactic center could
hint to the existence of super-heavy relics decaying now
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arXiv:2208.02353 - Accepted for publication PRD (accompanying paper to the PRL)
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Correlation of IceCube v with Auger and TA UHECRs

lceCube high-energy track-like and cascade events

Relative excess of pairs
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o Most excess near the Super-Galactic plane and at the TA "hot-spot’ (I, b) ~ (177°,50°)
o Another excess of events observed in the Cen A direction

Excess disappeared in updated analysis

JCAP 01 (2016) 037
The Astrophysical Journal 934 (2022) 164 - Update
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Muon content from Horizontal Air Showers

174 Golden hybrid events collected between 1 January 2004 and 1 January 2013
o E>4x10%ev
o 62° < 6 < 80°
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Phys. Rev. D 91 (2015) 032003; Errata: Phys. Rev. D 91 (2015) 059901
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Muon fluctuations from Horizontal Air Showers

281 Golden hybrid events collected between 1 January 2004 and 31 December 2017

Same selection criteria of Phys. Rev. D 91 (2015) 032003!
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Phys. Rev. Lett. 126 (2021) 152002
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Direct measurement of the muon content

1742 events collected between October 2015 and October 2016 o
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o Muon deficit in simulations of 8% (14%) for EPOS-LHC (QGSJetll-04) assuming pure iron composition
o Pure iron composition within systematic uncertainties
Eur. Phys. J. C 80 (2020) 751
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Comparison - Muon content measurements

¢ this work
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Phys. Rev. D 91 (2015) 032003; Errata: Phys. Rev. D 91 (2015) 059901
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